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Both galaxies and charged particle beams can exhibit collective relaxation on
surprisingly short timescales. Thiscan beattributed to the effects of chaos, of-
ten triggered by resonances caused by time-dependencesin the bulk potential,
which act almost identically for attractive gravitational and repulsive electro-
static forces. These similarities suggest that many physical processes at wor k
in galaxies, albeit not subject to direct controlled experiments, can be tested
indirectly using facilities such as the University of Maryland Electron Ring
(UMER) currently nearing completion.

| ntroduction

Many-body systemsinteractingvia long rangel/r? Coulombforces— both gravitational and
electrostatic- canexhibit macroscopiaelaxationandlossof coherenceon time scalesmuch
shorterthan might be expectedon dimensionalgrounds. Obsenationsand simulationsagree
that even a relatively gas-poor(andthus presumablynearly dissipation-freeglliptical galaxy
displacedrom anequilibriumasaresultof anencountewith anothergalaxycanreadjusitself
towardsa new equilibriumwithin afew hundredmillion yearsalthoughthe nominalrelaxation
time ¢ is ordersof magnitudelongerthanthe ageof the Universe. And similarly, chaged
particlebeamdravelingthroughanacceleratgmwhichwould beexpectedo maintaincoherence
for 10 km or more,canlosecoherencenddispersewithin distancessshortas10m.



This collective behaiiour mustreflectphasemixing, i.e., thetendenyg of initially localised
clumpsof orbits to disperse.However, ary phasemixing that can explain thesephenomena
must proceedfar more efficiently than ‘ordinary’ phasemixing. The key point, then,is that
theseeffects can be neatly explainedif the bulk potentialassociatedvith the systemadmits
large numbersof chaoticorbits. Phasemixing is mud moreefficientin a chaoticsystenthana
systemin which the bulk potentialis integrableor nearintegrable.An initially localisedclump
of regular, i.e., non-chaoticorbits will typically disperseasa power law in time; a clump of
chaoticorbitswill insteaddispersesxponentially

Allowing for a bulk potentialthatis strongly chaoticand,hence the possibility of chaotic
phasemixing would enableoneto understandhow a galaxycan‘relax’ towardsanequilibrium
or nearequilibrium stateon a comparatiely shorttime scale.The possibility of chaoticphase
mixing in achagedparticlebeamcanplacestrongconstrainton emittancecompensation,e.,
theability of the experimentalisto compensatéor unwanteddispersal.

Theoreticalconsiderationgnddetailednumericalsimulationssuggesthat, in this setting,
the origin of the chaosthatdrivesthe evolutionis largely irrelevant. In particular whetherthe
two-bodyforcesareattractve or repulsve shouldnot be crucial. Whatis importantis thatthe
long-rangescalingsof gravitationalandelectrostatidorcesareidenticalandthat,in bothcases,
the early stagesf evolution shouldbedrivenby long-rangecollective interactionsasopposed
to short-rangecollisional encounters.All that seemsto matteris whetherthe bulk potential
associatedavith the mary-body systemadmitsa large measuref chaoticorbits (1).

That'collisions’ shouldbelargelyirrelevantin mary settingselevantto galaxiesandbeams
is easilyseen.Viewing sucheffectsasanincoherensumof binary encounterspnecomputes,
respectrely, for galaxiesandfor chagedparticlebeamgin cgsunits)relaxationtimes

v3 v3

tr ~ G?m2nlog A and R ¢*nlog A’

Herew is atypical speedassociatedvith randommotions,G the gravitational constantyn and
g typical stellarmassesandchages,n a characteristicoumberdensity andlog A the so-called
Coulomblogarithm(2) (3). In eithercase the assumptiorthat the bulk kinetic and potential
enegies are comparabldn magnitudeimpliesthattg o« (N/logA)tp, with N the number
of ‘particles’ andt¢, ~ v/R a characteristiorbital time scale,definedin termsof the ‘size’
R of the system. A scalesasa power of N. For large N the relaxationtime ¢y is clearly
very long comparedo the orbital time scalet,. By contrast,chaoticphasemixing, i.e., the
phasemixing of chaoticorbits, canproceedextremelyfast. Thetime scaleassociatedvith the
exponentialdispersabf aninitially localisedclump’, givenastheinverseof thelargestpositive
Lyapuna exponent(4), is typically comparablen magnitudeto the orbital time scale.This s,
for example,the casefor the systemsllustratedin Figuresl and3 below.

A completeunderstandingf thesephenomenavill requirea synthesisof theory simula-
tions, and experiments. Performingexperimentson self-gravitating systemsdlike galaxiesis
impossible. However, controlledexperimentscan be performedwith chaged-particlebeams;
and combiningthe resultsof suchexperimentswith simulationsandtheory shouldleadto a
clearpictureof therole of chaoticphasemixing in beams.Moreover, sincethe physicsshould
notdependcrucially onwhethertheforcebetweerparticless attractve or repulsve,onewould
expectthatmary resultsaboutbeamsshouldtranslatemoreor lessdirectly into detailedpredic-
tionsaboutthe structureandevolution of galaxies.
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Indeed,one cango one stepfurther and ague that, in a real sense carefully constructed
experimentsnvolving chagedparticlebeamscanbe usedassemi-directprobesof the physics
of self-gravitating systemslike galaxies. In this spirit, one aim hereis to explain how the
Universityof MarylandElectronRing (UMER), currentlynearingcompletion,canbeusedasa
Laboratoryfor GalacticDynamics.

Regular vs. Chaotic Orbits: A Tortured History

Chaoshasbeenlargely ignoreduntil comparatrely recentlyin boththe galacticandaccelera-
tor dynamicscommunities.For example,althoughthe famousHénon-Heileanodel (5) arose
originally in attemptsto understandneridionalmotionsin axisymmetricgalaxies,asrecently
as15 yearsagothe potentialrole of chaosin galaxystructureandevolution wasalmostcom-

pletelyneglected(with the exceptionof a handfulof groupsin Europe).Only with theadwentof

high resolutionphotometryfacilitatedin partby the Hubble SpaceTelescopedid mary galac-
tic astronomer$egin to recognisehatthe bulk potentialsassociatedvith realisticallyshaped
galaxiesarelik ely to admitsignificantmeasuresf chaoticorbits.

Chaos in galaxies. It hasbeenlong recognisedhatthe dominantmechanisnfor relaxation
in galaxiescannotbe ‘collisional’. For example,in the 19405 Chandrasekhg?) shavedthat
therelaxationtime scaleti on which binary encounterdetweenndividual starscould signifi-
cantly alterthe trajectoriesof starsin the Milk y Way mustbe ~ 102 yr or more. Shortertime
relaxationmustsomehav involve collective effects. Two decadedater, Lynden-Bell(6) pro-
poseda theory of ‘violent relaxation’which argued,inter alia, that phasemixing associated
with atime-dependempotentialmight explain suchcollective effects. Substantiabvidencefor
rapid relaxationaccumulateaver the next twenty years,derived both from numericalsimula-
tions of mary body systemsandfrom the interpretationof obserationsof galaxiesthat have
beeninvolvedin collisionswith othergalaxies.Despitethis, however, whensubjectedo closer
scrutiry, it seemedhat, at leastin its simplestguise,violent relaxationcould not explain why
relaxationwasasfastasit appearso be. Someingredientseemedo bemissing.Todaythereis
goodreasorto think thatthe missingingredientis chaos.

In the early 1990s KandrupandMahon(7) recognised factthat seemsobviousin retro-
spect,namelythat, becauseof their exponentiallysensitve dependencen initial conditions,
chaoticorbits shouldphasemix far morerapidly thanregular orbits,in factexponentiallyfast.
In theastronomicatommunity thisphenomenomow termedchaoticmixing’ (8), ledto spec-
ulationsthatchaoscouldplay acritical role in violent relaxation.However, ‘chaoticmixing’ in
itself doesnot constitutea completeandsatistctoryexplanation.Chaoticphasemixing cannot
drive collective relaxationunlessmary/mostof the orbits are chaotic,which seemedar from
obvious. However, a few yearslater, motivatedin part by the work of acceleratodynami-
cists(9,10), astronomergll) recognisedhattime-dependemnulsationsn the bulk potentialof
theform expectedn agalaxyreadjustingowardsa (near)equilibriumstatecould, via resonant
couplings,make mary/mostof the orbitsin a galaxy chaoticwith large finite-time Lyapunw
exponentg12), andthattheresulting‘'resonantphasemixing’ might be sufficiently strongand
ubiquitousto explain violent relaxation.



Chaosin charged particlebeams. Concernsboutcollisionlesgelaxationn chaged-particle
beamshave arisenwith recentadvancesin technologyfor the productionof high-brightness
beamswherecollective Coulombself-forcesj.e., spacechage,becomesmportant.Examples
includelow-to-medium-eneagy hadronacceleratorsuchasthosethat drive spallation-neutron
sourcer sene asbhoosterdor high-enegy machinesheavy-ion acceleratorsandlow-enegy
electronacceleratorsuchasphotoinjectorg13).

Oneof theearliesppapersaddressingpacechagein beamavasby KapchinskijandVladim-
irskij (14), who consideredh continuouseamwith uniform chage densityandelliptical cross-
sectionconfinedby linear external focusingforces, and derived the equationsgoverning the
motion of the beamervelope.The correspondinglistribution functionin the four-dimensional
phasespaceof a singlechage,commonlycalledthe KV distribution, is a uniform-densityhy-
perellipsoid. Sometime later, Sachere(15) notedthattheseresultscanbe generalizedeasily
to three-dimensionabunchedbeamsso asto includethe influenceof space-chaye on bunch
lengthandenegy spread.Thesetwo papersregardedasclassican theacceleratocommunity
setthe stagefor muchof the subsequeninvestigationsconcerningspace-chae, from which
evolved now-corventionaldesignstrateyies for high-brightnessacceleratorsstratgies based
on controllingroot-mean-squar@gms) propertiesof thebeam.

However, the pastdecadehasbroughtthe realizationthat, albeit necessaryregulatingrms
propertiesis not sufficient. Perhapghe most prominentexample concernsbeamhalos,i.e,,
particlesthatreachlarge orbital amplitudesdueto a time-dependergpace-chaye potentialas-
sociatedwith transitionsin the beamline that preventsthe beamfrom reachinga long-lived
equilibriumstate.The concerns thatimpingemenbf beamparticleson thebeamline cangen-
eratesufiicient radioactvationto precluderoutine,hands-ormaintenanceTheradioactvation
thresholdis tiny: roughly1 nA m=! GeV! orless.Foral100mA, 1 GeV light-ion beamsuch
asthatervisionedfor driving high-yield spallationneutronsourcesthis criterion translatedo
just1in 10® particleslost permeter(16).

Early effortsto identify thefundamentaimechanismsf haloformationinvolvedgeneraliza-
tionsof thework of Kapchinskij,Vladimirskij, andSachere(9,17). Thebasicrecognitionwas
thatif auniform-densitypeam'core’ is madeto pulsate particlesresonatingvith the pulsating
corecanbedrivento large amplitudes~vherethey form a‘halo’. Thisled to the identification
of parametricesonancasthe essentiamechanisnof haloformation.

Albeit usefulthe stationaryKV modelsuffers someseriousdeficiencies.The sharpbound-
aryin phasespacds unphysicabndmalkesthedistribution unstableo seseralclasse®f pertur
bations(18). Moreover, becausehe densityis uniform, the netforceon every particleis linear
sothatthey all follow regular orbits. A real,inhomogeneoubeamwill impartnonlinearself-
forcesto the particles forcesthatcaninduceglobally chaoticmotion(19). In atime-dependent
potentialsuchchaoticparticles,aswell asary other particlesthat becomechaoticbecausef
the time-dependencesan couplewith the pulsationsand experiencea parametricresonance,
phenomenologyhat hassurfacedroutinely in more comprehensie simulationsthat followed
the particle-coremodel(20).

Efforts to understandspace-chae-induceddynamicsbeyond the KV and particle-core
modelsalsobroughtthe realizationthat early-timedynamicsin fully self-consistenthaged-
particlesystemss analogougo thatof violent relaxationin stellarsystemssincebothinvolve
Coulombinteractiong10). However, thatconnectionvasexploredno further— until now.



Evidence for Chaos and Chaotic Phase Mixing

Chaosin galaxies. High-resolutionobsenationsof galaxiesover the pastdecadeor so have
provided compellingevidencethat mary galaxiesare moreirregularly shapedhanhadbeen
assumeds recentlyas 15 yearsago; and attemptsto modelsuchirregularly shapedobjects
have led mary galacticdynamicistdo concludethatthebulk potentialsassociateavith realistic
galaxiesadmitlarge measure®f chaoticorbits. It hasbeenargued(21) thatnonaxisymmetric
elliptical galaxiescontainingcentraldensitycuspsof the form inferredfrom obsenations(22)
areverylik ely to admitlargenumberof chaoticorbits. And similarly, modelsof rotatingbarred
spiralgalaxiessuggest{23) thatbreakingaxisymmetrywith evenacomparatrely weakbarcan
triggerlarge numbersof chaoticorbits, especiallynearcertainresonances.

Thereis no guarantedhat cuspy, nonaxisymmetriagalaxiesmust be chaotic: contrived
integrablemodelshave beenconstructed24) andit hasprovenpossible py carefulpreparation,
to generate/V-body realisationsof nonaxisymmetrianodelswhich appearto containfew if
ary stronglychaoticorbits, with large positive Lyapunw exponenty25). However, therehas
emegedagenerakensen muchof thegalacticdynamicscommunitythat‘generic’irregularly
shapedjalaxiesmight be expectedo containlarge numbersof chaoticorbits.

Oneintriguing possibilityis that,possiblybecausef the presencef chaosgvolving galax-
ieswill find it difficult, if notimpossibleto approacha true equilibrium. Rathey it may well
be (21,26) that, at the time of formation, a galaxy settlesdown towardsa quasi-equilibrium,
ratherthana true equilibrium; but that, in responsee.g., to externalirregularitiesassociated
with a high-densityervironment,it will subsequentlgxhibit a slow, secularevolution.

To the extent that this be true, a basicquestionis whethera galaxy originally in a non-
axisymmetricnearequilibriumwill evolve towardsa more nearly axisymmetricstate(21); or
whetherinsteada galaxyoriginally containinglarge numbersof stronglychaoticorbits might
evolve towardsothernearequilibria, not necessarilynore nearly axiymmetric,which contain
smallernumber=f chaoticorbits(27). In ary event,it is generallyacceptedhatarobust,stable
(near)equilibrium mustcontainlarge measure®f regular orbitsto provide the ‘skeleton’ (28)
of theinterestingstructureghatgeneratehaoticorbitsin thefirst place.

Thereis alsoemeging evidencethatchaosshouldbe evenmoreubiquitousin systemghat
feel a stronglytime-dependenibulk potential,especiallya time dependencevolving roughly
periodic oscillations. Nonlineardynamicistsargue that chaostypically arisesvia resonance
overlaps(4), andthistime-dependenthaoss simply anotherexamplethereof. Whenthetime-
dependenct which orbitsin agalaxyaresubjectedhaspower atfrequenciesuficiently close
to (multiplesof) the frequenciest which the orbits themseleshave power, the orbitsandthe
time-dependenceanresonatevith theresultthatthe orbitsbecomestronglychaotic.

If the time-dependencé weak, suchresonancesnay require a nearperfect frequeng
match,but for a strongertime dependencé often sufficesfor the pulsationand orbital time
scalesto agreewithin an orderof magnitude(11). However, in a nearly collisionlesssystem
like agalaxy thereis only onenaturaltime scale thedynamicaltimetp ~ 1/1/Gp, with G the
gravitational constantand p a characteristiaensity;sothatthe pulsationandorbital timesare
likely to be comparablen magnitudehroughoutmuchof the galaxy thusrenderingchaosex-
tremelycommon.Simplemodelssuggesthat galaxiessubjectedo dampedoscillationscould
(i) becomealmostcompletelymixedand (ii) settledown towardsa nearlyintegrableequilib-
rium within atime asshortas~ 10¢p. Analogouseffectscanalsobetriggeredby othernearly
periodicphenomenasuchaslocalised honstationarygollective modespr asupermasseblack
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hole binaryorbiting nearthe centerof a galaxy a mechanisnof contemporarynterest(29).

An exampleof suchresonantphasemixing is illustratedin Figure 1, which tracksthree
initially localisedclumpsevolvedin atoy galacticpotentialsubjectedo periodicdriving that
dampsasa power law in time. The left andcenterpanelsexhibit the z- andy-coordinatesat
several differenttimes; the right panelexhibits the exponentialgrowth of componentf the
emittanceg; (1 = x,vy, z), which is a measureof the phasespaceareaof the occupiedphase-
spaceplanescorrespondingo the coordinater;. Here,e.g., €2 = (z%)(v?) — (zv,)’, where( )
denotesanensembleverage.

Therecan of coursebe no direct experimentalevidencefor chaosin galaxies. However,
carefulanalysisof obsenablevelocity fields providescompellingevidencethatthe gasflowsin
suchspiralgalaxiesasNGC 3632couldbe chaotic,especiallynearvariousresonanceg30).

Chaos in charged particle beams. Anisotropy in a beamcanhave a numberof causesijn-
cluding anisotropicfocusingand the acceleratiorprocessitself. However, a recentcompu-
tational study hasprovided strongevidencethat chaoticmixing dueto nonlinearforcesfrom
space-cha@ewavesis intimately connectedvith equipartitioningn beamg31). Thesecompu-
tationsweredoneusingthe ‘2 %-dimensional’versionof the particle-in-cellcode WARP (32),
which tracksrandomlydistributed macroparticlesn pre-specifiedexternal electricand mag-
neticfields,alongwith theself-consistentlgalculatedself-fields. Thework focusedon ahighly
space-chage-dominateddirect-currentcylindrical beamin which theinitial momentunspace
reflectedananisotropigressuravith p,, = 2p,,. Asthebeamevolved,thepressuresotropized
onarapidtime scale fully equipartitioningn ~ 5 m andexhibiting anisotropicoscillationsthat
largely dampedby ~ 50 m. The equipartitioningtime scaleswerefoundto correlatewith the
evolution of initially localizedclumpsof globally chaoticparticles,which dispersedxponen-
tially with ane-folding ‘time’ ~ 2 m (roughly two plasmaperiods)andfilled their accessible
phasespacesn ~ 50m.

This first study considereda form of ‘symmetrybreaking’,with the broken symmetryap-
pearingin momentunspaceratherthanconfigurationspace.The beambeganin a nonequilib-
rium stateandevolvedtowarda meta-equilibriumn which the particleorbitsfilled aninvariant
measur®f phasespace Thetransientlynamicgeflectsanintricate,evolving network of space-
chage wavesthat setup a complicatedpotentialin which a substantiapopulationof particle
orbits becomegylobally chaotic. However, equipartitioningdoesnot leadto a halo,aslong as
the rms propertiesof the beamare ‘matched’ (33) to the strengthof the focusingforces,thus
minimising large scaletime-dependentscillations.By contrasta symmetric,isotropicsystem
evolved analogouslyestablishes potentialthat is integrable,in which the orbits areregular.
The presencef chaoticorbitsis evidentin Fig. 2, which shavs thetrajectoriesof 20 testparti-
clesrandomlyselectedrom a giveninitially localizedclumpin bothisotropicandanisotropic
systems. Progressiely reducingthe areaof the phasespacespannednitially by the clump
revealsthat the test-particleorbits areregular in the isotropic beam. However, the orbits are
clearlychaoticin theanisotropidoeam this reflectingthe complicatechetwork of space-chaye
wavesthatarisein the presencef anisotroyy.

A uniqueexperimentconcerningviolentrelaxationin beamsgconductedn theearly 19905,
involvedthe propagatiorandmerging of five beamletsn a periodicsolenoidaktransportchan-
nel (34). Thebeamletsvereinitially orientedin a quincunxpatternandwere closeenoughto
eachotherthat mutualinteractionswereimportant. The beamwasnonrelatvistic and subject



to considerablespace-chaeforces.A priori the beamletsvould be expectedo ‘dissolve’ and
reappeaperiodically However, irrespectve of how well thermsbeampropertiesverematched
to thetransportchannelthebeamletsvereseerno reappeaonly once atapoint~ 1 mfromthe
source Moreover, mismatchedeamdedto theformationof anextendedhalo,with thedensity
of the haloincreasingwith the degreeof mismatch.As discussedn (34), detailedsimulations
with a particle-in-cellcodeweresuccessfuin reproducinghe measurements.

Thefailure of the beamletgo reappeaagainwould seemto reflecta collisionlessprocess
that, in effect, causeghe particle orbits to lose memoryof their initial conditions. To explore
how chaoticmixing influencesthe dynamicsof sucha manifestlynonequilibriumbeam,we
redid the simulationsusing WARP. Our simulationsdiffered from the experimentin that we
took the transportchannelto impart a constantjinear externalfocusingforce, whereasn the
experimentthe channelcompriseda periodicsolenoidalfocusinglattice. However, our results
correlatedwvell with the measurements.

Onemightexpectthe stronglytime-dependergpace-chaye potentialto drive alarge popu-
lation of globally chaoticorbits. Thatthisis the cases illustratedin Figure3, which shavsthat
clumpsof representatie testparticlesinitially localisedin phasespacegren exponentiallyto
fill muchof their accessiblgphase-spaceegions. In eachcase aninitial extremelyfastgrowth
ratesubsequentlgave wayto aslowerrate,thetransitionoccuringafteradistance~ 5 m, when
the beamletdadlost their identity andthe phase-spacdistribution hadbecomerounder

A recentlycompletedLos Alamos experimentinvolved the productionand measurement
of a halo generatedn a proton beamthat was purposelymismatchedo a periodic focusing
channelcomprisedof quadrupolemagnety35). The beamenegy andcurrentwere6.7 MeV
and75 mA, respectrely, which meanghatthe beamwasnonrelatvistic andspacechage was
strong. The lengthof the focusingchannelspannedv 10 mismatchoscillations. The princi-
pal conclusiondrom this experimentandits accompaping simulations(36) were (i) thatthe
phase-spaceolumeof the beamgrew in conjunctionwith the corversionof free enegy from
mismatchinto ‘thermal’ enegy of thebeam,and(ii) thatparametricesonancevasthe princi-
pal mechanisndriving halo formation. However, the quantitatve dataappeargo be sensitve
to the exact distribution of the input beamwhich could not be measuredvith precision,and
thefinite sensitvity of the halodiagnosticgprecludedccharacterizatiomof the outlying wings of
the halo profile. Moreover, the theoreticalmodel providesno predictionof growth rates;the
simulationswereusedto extractthis informationfor comparisorwith theexperiment.

In summaryit would seemevidentthat physicaleffectsobsenedin experimentsnvolving
chaged-particldoeamsmary of whichcanbereproducechumerically bearstriking similarities
to effects that have beenpredictedto act in galaxies. In particular the obvious similarities
betweenFiguresl and 3 reinforcethe expectationthat the physicsof collective relaxationin
galaxiesandchaged-particldbeamds very similar, if notidentical.

The smooth potential approximation. Thediscussiorhithertohasassumedmplicitly that,
viewed‘on large’, mary-bodysystemf starsor chagescanbeapproximatedy a continuous
distribution anda smoothbulk potential.However, thisassumptiorhasbeenquestionedn both
the galactic(37) andaccelerato(38) communities. To what extentis it really true that there
Is a smoothcontinuumlimit; and,evenassuminghatthereis sucha limit, how mary ‘parti-
cles’ musttherebe beforediscretenessffectscanbe ignored? Canone, e.g., treata realistic
acceleratobunch,comprisedf ~ 10'° chagedparticles,asa continuouschage distribution?



Numericalcomputationgperformedoverthelastseveralyears for bothgravitating (39) and
electrostatically(40) interactingsystemssuggesstronglythat, viewed macroscopicallythere
is a well-definedcontinuumlimit; andthatdiscretenessffects, which exist for finite particle
number canbe extremely well modeled,even for individual orbits over comparatiely short
times,by Gaussiarwhite noisein the contect of a Fokker-Planckdescription.Indeed,onecan
extractestimate®f smoothpotentialLyapunw exponents§rom N-bodysimulationg(41).

That a Fokker-Planckdescriptioncan be justified is nontrivial sincethe standardderiva-
tions(3) andmostexperimentatestsfocusonthelong-timebehaiour of orbit ensemblesEven
moreinteresting,however, is the fact that, whenappliedto chaoticsystemsa Fokker-Planck
descriptionimplies that discretenesgffects can have importanteffects on time scalesmuch
shorterthanthe collisionalrelaxationtime ¢3! Discretenessgffectscandramaticallyaccelerate
diffusionthroughacomplex phasespacepothby facilitatingtransportalongthe Arnold web (4)
and,in somecasesby transformingregularorbitsinto chaoticor vice versa.Indeed,undercer
taincircumstances.g., for systemswith ‘lumps’ or largedensitygradientsdiscretenessffects
could be importanton very shorttime scalesevenfor N aslargeas10'? (40)! However, it is
likely thatthoseeffectscanbe adequatelynodeledby a Fokker-Planckdescription.

Proposed Beam Experimentswith UMER

As discussedbove, laboratoryexperimentsconductedo datehave not exploredexplicitly the
role of chaoticmixing via Coulombforceson the evolution of nonequilibriumbeams.Yet the
combinedeffectsof transientthaosandresonancearethe keys towarda full understandingf
violent relaxationin both beamsand galaxies. Accordingly, we plan a seriesof experiments
to studyphasemixing andattendantollisionlessrelaxationusingthe University of Maryland
ElectronRing (UMER), a facility slatedto be completedand commissionedduring Summer
2003(42). Theringis 11 m in circumferenceandtransportsan electronbeamwith 10 keV
kinetic enegy, 100 mA current,and50 um effective emittance.The nominalbunchcontains
~ 100 electronsspanninga volumel1 cmin radiusand3 min length. The bunchchage, and
hencethe collective space-chaeforce,is adjustableoverawide range.

Two beamsourcesareavailable,athermioniccathodeanda laserdrivenphotocathodsys-
tem. A localizedmodulationof the thermionicelectroncurrentcanbe appliedusinga 5 ns
laserpulse,a techniquethat was recentlydemonstratedby the UMER group (43). The level
of modulationfar exceedswvhatis achievableby grid pulsingalone,andthe techniqueenables
theformationof initially localizedparticleclumpsof desiredstrengthandpositionin thebeam.
In addition,ary desiredmultibeamletdistribution caneasilybe createdoy maskingthe source
beam. The beamis theninjectedinto the ring by meansof a magnetickicker system. The
ring confinesandsteerghebeamby meansf amagnesystencomprisingalternating-gradient
guadrupolegor trans\erseconfinementdipolesfor bending,andinductive modulesfor longi-
tudinal confinement.The systemis designedso thatthe beamcanbe transportecver 1 km, a
distancethat spanssome500 - 1000 plasmaperiods. Beamdiagnosticgpresentlyinstalledon
UMERIincludephosphoiscreensfastbeampositionmonitors,fastenegy analyzersandboth
fastandintegratedtrans\ersephasespacemonitors.

Collectively the diagnosticsarecapableof detailed time-resoled measuremertf the dis-
tribution functionin the six-dimensionaphasespaceof a singlebeampatrticle. Thediagnostics
measurehe samemacroscopiobsenablesasgeneratedh the simulationsandtherebyprovide
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the meandfor directcomparison.Accordingly, UMER senesasa platformfor a virtually un-
limited rangeof experimentdo explorenonlineartransientdynamicsof Coulombsystemsand
ouroverarchingplanis to exploit this capabilityto accesshe physicsof collisionlesselaxation
thatlarge chaged-particleandself-gravitating systemsharein common.

Conclusions

It is clearthat,in principle, chaoticphasemixing cansene asa triggerfor rapid macroscopic
dynamics,including collective relaxation. Moreover, thereis substantiahumericalevidence
thatsuchmixing could play animportantrole in the evolution of galaxiesandchagedparticle
beams. It thus seemsaturalto look for evidenceof chaosand chaoticphasemixing in real
laboratoryexperiments.Unfortunately it is impossibleto perform controlledexperimentson
self-gravitating systemdik e galaxies. However, thereare strongindications,both theoretical
and numerical,thatthe relevant physicsis virtually identicalin galaxiesandchaged particle
beams;and,for this reasonjt would seempossible— andhighly desireable- to useaccelera-
torslike UMER aslaboratoriesn which to performindirecttestsof the predictionsof galactic
dynamics.
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Figurel: Left handpanels:x andy coordinategor threedifferentclumpsof 1600starsevolved
in the time-dependengalacticpotential vV (t) = —A/(1 + 2% + y? + 22)1/2, with A(t) =
1 + asinwt /(1 + t/ty)?, for a = 0.5, w = 1.25, andt, = 100. From top to bottom, the
snapshotareattimest = 0, 32, 64. Thedynamicaltimetp ~ 20. Theclumpshadinitial
sizedr = dy = 0.04. Top centerpanel: The sameensembleat¢ = 128. Bottom center
panel:A snapshoatt = 128 for the sameclumpsevolvedin atime-independerpotentialwith
A = 1. Rightpanel:Naturallogarithmof the quantitye = (€2 + €2)*/2, definedin termsof
thecomponent®f emittance:, ande,, for the clumpsevolvedin thetime-dependerpotential.



Figure 2: Trajectoriesof 20 testparticlesin x-y spacefor the isotropic beam(top); andthe
anisotropidbeam(bottom). Theinitial clump“emittance”decreaseprogressiely by factorsof
10from left to right.
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Figure3: Left handpanels:z andy coordinatesexpressedn metersfor two differentclumpsof
20,000electronsavolvedin the self-consistenpotentialcalculatedusingWARP. The snapshots
aretaken from a simulationwith a mismatchedeam,at locationss = 0.0, 10.08, 14.4, and
20.16 m alongthebeamwith the exceptionof the bottomright snapshotwhichis ats = 31.68
m from the simulationof the matchedoeam.The plasmawavelengthis 0.47 m andthe betatron
wavelengthis 2.0 m. The initial emittanceof eachclumpis 10~ the full beamemittance
(ez = €, = 6.48 x 107! ym.). Right handpanel: Naturallogarithmof 4e, (asdefinedin the
text) for 5 clumps,eachsamplingaportionof the‘red’ clumpontheleft, but with progressiely
smalleremittances.



